Abstract. The aim of this study was the preparation, optimization, and in vitro characterization of insulin nanoparticles composed of methylated N-(4-N,N-dimethylaminobenzyl), methylated N-(4-pyridinyl), and methylated N-(benzyl) chitosan. Three types of derivatives were synthesized by the Schiff base reaction followed by quaternization. Nanoparticles were prepared by the polyelectrolyte complexation method. Experimental design D-optimal response surface methodology was used for the optimization of the nanoparticles. Independent variables were pH of polymer solution, concentration ratio of polymer/insulin, and also polymer type. Dependent variables include size, zeta potential, polydispersity index (PdI), and entrapment efficiency (EE%). Optimized nanoparticles were studied morphologically by transmission electron microscopy (TEM), and in vitro release of insulin from nanoparticles were determined under phosphate buffer (pH=6.8) condition. Although a quadratic model has been chosen to fit the responses for size, PdI, and EE%, the zeta potential of the particles has been best fitted to 2-FI model. The optimized nanoparticles were characterized. The size of the particles were found to be 346, 318, and 289 nm; zeta potentials were 28.5, 27.7, and 22.2 mV; PdI of particles were 0.305, 0.333, and 0.437; and calculated EE% were 70.3%, 84.5%, and 69.2%, for methylated (aminobenzyl), methylated (pyridinyl), and methylated (benzyl) chitosan nanoparticles, respectively. TEM images show separated and non-aggregated nanoparticles with sub-spherical shapes and smooth surfaces. An in vitro release study of the prepared nanoparticles showed that the cumulative percentage of insulin released from the nanoparticles were 47.1%, 38%, and 68.7% for (aminobenzyl), (pyridinyl), and (benzyl) chitosan, respectively, within 300 min.
INTRODUCTION
Various systems have been used for drug delivery and targeting. Among them, liposomes, microparticles, and nanoparticles have been extensively studied (1) . Formulation of liposomes requires complicated techniques and specialized equipments that may be unavailable globally (2) . On the other hand, the instability of liposomes in different environments has been proven (3) . Microparticulate drug delivery systems have overcome many of difficulties encountered with liposomes (e.g., complication of production and also instability of particles), but the large size of microparticles may increase the possibility of opsonization by macrophages and may also decrease the paracellular permeability. Therefore, nanoparticles as small and stable carriers can be a good candidate for drug delivery purposes (4) (5) (6) (7) .
Based on the facts mentioned above, various nanostructures including fullerenes, quantum dots, dendrimers, magnetic nanoparticles, and polymeric nanoparticles have been developed and extensively studied in biological applications (8, 9) . Polymeric nanoparticles have been extensively studied for peptide and protein delivery (10) (11) (12) .
Entrapment of peptides and proteins to mucoadhesive polymeric nanoparticles is regarded as the best approach for prevention of drug instability against degradation in gastrointestinal (GI) and also promotion and prolongation of peptide permeability across intestinal epithelium. Therefore, these nanocarriers can be a good candidate for oral delivery of proteins and peptides. Chitosan is a mucoadhesive biodegradable and biocompatible polymer which can be used in pharmaceutical industry as dissolution enhancer, absorption enhancer, and sustained release agent in oral drug formulation (13) . Mucoadhesive properties of the polymer, can justify the use of chitosan as paracellular permeability enhancer in formulation of hydrophilic macromolecular drugs. Mucoadhesiveness of chitosan is reported to be the result of ionic interaction between positively charged amino group in chitosan and negatively charged functional groups in surface of epithelial cells (14) .
The major disadvantage of chitosan is that it is a weak base with apparent pK a of 5.5, therefore, in acidic pH, the primary amino functional groups that present in the backbone structure are protonated and positively charged but in neutral and alkaline environments, these amino groups lose their charge and the polymer become insoluble in such medium (15) . Considering the fact that only the protonated portion of chitosan can pose permeation enhancement properties, it can be concluded that in intestine where the pH of environment is above the apparent pK a of the polymer, application of chitosan in drug formulation has little effect on increase in paracellular permeability of hydrophilic macromolecules (16) . In order to overcome this problem, several chitosan derivatives including alkylated chitosan (17) (18) (19) , thiolated chitosan (20) , pegylated chitosan (21) , and so on have been synthesized. Among them quaternized alkylated chitosan derivatives such as trimethyl chitosan (TMC) have been extensively studied (22, 23) . These alkylated derivatives can pose permanent positive charge in wide pH range and makes the polymer soluble in different regions of GI tract. Recently, aromatic derivatives of chitosan have attracted the interest of researchers. Rojanarata et al. (24) have reported the synthesis and characterization of methylated chitosan containing an aromatic ring called methylated N-(4-N,N-dimethylaminobenzyl) chitosan. It has been shown that this derivative of chitosan can be used as effective gene carriers and pose greater transfection efficiency compared with chitosan and TMC. It has also been demonstrated that due to the amphiphilic nature of the cell membrane, quaternized derivatives of chitosan that contain aromatic ring as hydrophobic residue can enhance the cellular absorption of macromolecules across Caco-2 cell monolayer in free soluble form via enhancement of the interaction between the cell membrane and the polymer (25, 26) . On the other hand, formulation of macromolecules as nanoparticulate drug delivery systems has more effectiveness over formulation with free soluble polymers as the absorption enhancer. Nanoparticles can easily infiltrate into the mucus layer and deliver the macromolecules to the site of absorption and also improve the stability of macromolecules (27) . Therefore, by the facts mentioned above, it is assumed that preparation of nanoparticles from aromatic derivatives of chitosan can enhance cellular permeability of peptides and proteins.
In this study, we investigated the preparation and optimization of insulin nanoparticles via the Polyelectrolyte complexation (PEC) method composed of three derivatives of chitosan including methylated N-(4-N,N-dimethylaminobenzyl) chitosan, methylated N-(4-pyridinyl) chitosan, and methylated N-(benzyl) chitosan designated as (aminobenzyl) chitosan, (pyridinyl) chitosan, and (benzyl) chitosan nanoparticles, respectively, as aromatic derivatives. D-optimal response surface methodology has been used for optimization of chitosan-based nanoparticles prepared by PEC and also for determination of the effects of pH of polymer solution, concentration ratio of polymer to insulin, and polymer type on physicochemical properties of nanoparticles including size, zeta potential, polydispersity index (PdI), and entrapment efficiency (EE%).
MATERIALS AND METHODS

Materials
Low molecular weight chitosan (viscosity, 1% (w/v) solution in acetic acid, 22 mPa s) was obtained from Primex (Iceland). 4-N,N-dimethylbenzaldehyde, 4-pyridin carbaldehyde, 4-benzaldehyde, N-methyl pyrolidone, sodium iodide, iodomethane, triethylamine, sodium hydroxide, and sodium chloride were purchased from Merck (Darmstadt, Germany). Sodium borohydride was provided from Aldrich (UK). Insulin was obtained from Exir Pharmaceutical (Lorestan, Iran). Dialysing tube with a molecular cutoff of 12,000 Da (D0405) was obtained from Sigma. Analytical-grade Lichrosolv® acetonitrile was obtained from Merck (Darmstadt, Germany). All other chemicals were of pharmaceutical grade and used as received.
Synthesis and Characterization of Aromatic Derivatives of Chitosan
Synthesis of N-(4-N,N-dimethylaminobenzyl) Chitosan, N-(4-pyridinyl) Chitosan and N-(benzyl) Chitosan
The chemical structures of the desired aromatic derivatives are shown in Fig. 1 . The derivatives were synthesized by modified Schiff base reaction method (24) . Chitosan (4 g) was dissolved in 1% acetic acid (100 ml), and then for the reduction of viscosity, the solution was diluted with 100 ml of methanol. The pH of the solution was adjusted to 5.2 by adding 1 N NaOH. The appropriate amount of related aldehyde was added to the solution and stirred for 12 h at room temperature. The amount and type of added aldehydes are summarized in Table I . After formation of appropriate imine, the double bond of the compounds were reduced by freshly prepared gaseous hydrogen prepared by gradual addition of sodium borohydride as the powder to the solution and keeping the solution to be stirred for 8 h at ambient temperature. Then, derivatives were precipitated from the solution by adding 1 N NaOH and adjusting the pH to 9.0. The precipitates were then washed with methanol twice, dissolved in 1% acetic acid and dialyzed for 3 days against distilled water using dialyzing tube. The desired compounds were then precipitated using 1 N NaOH. The precipitates were transferred to a vacuum dryer and stayed overnight for complete drying ascertained by Karl Fischer technique.
Synthesis of Methylated Aromatic Derivatives
Methylation process was accomplished according to previous reports with minor modifications (17) . Compounds prepared in the previous section (2 g) was completely dissolved in 70 ml of N-methyl pyrolidone under gentle magnetic stirring at 50°C. Sodium iodides (1 g), either 3 ml of 42% triethylamine or 5 ml of 1 N NaOH, were then added to the solution. Twelve milliliters of methyl iodide was gradually added in three equal portions over a 3-h period, and the solution was refluxed at 50°C for 12 h. The solution was then transferred to a dialyzing tube and dialyzed against distilled water for 3 days as the previous step. The appropriate compound was precipitated by adding 300 ml of acetone. The obtained derivatives were dissolved in NaCl solution (5%, w/v) and stirred for 1 h at ambient temperature for exchange of I − with Cl − . Then the chloride salt of the desired compounds was then precipitated. The precipitates were transferred to a vacuum dryer and held overnight for complete drying. The quaternized derivatives were characterized by 1 H-NMR. D 2 O has been used as the solvent for 1 H-NMR spectroscopy. Degree of substitution and degree of quaternization were also determined from integrated data obtained from 1 H-NMR spectra.
Determination of the Molecular Weight of Derivatives by Gel Permeation Chromatography
Molecular weight of chitosan and the aromatic derivatives were determined using Knauer® Gel permeation chromatography system equipped with PL aquagel OH-MIXED-M 8 μm, 300*7.5 mm column and Knauer® differential refractive index detector. The mobile phase consisted of sodium acetate/acetic acid buffer adjusted to pH of 4.5. The flow rate was kept constant at 1 ml/min. The chromatograms were acquired and integrated by Chromgate® software compatible with Knauer® chromatographic systems.
Preparation of Nanoparticles
Insulin nanoparticles composed of methylated (aminobenzyl), methylated (pyridinyl), and methylated (benzyl) chitosan were prepared by previously reported PEC method (28, 29) . By this method, nanostructures were prepared due to electrostatic interaction between positively charged polymer and negatively charged insulin. Briefly, 5 ml of insulin (1 mg/ ml) with adjusted pH value of 8.0 was added dropwise to the equal volume of polymer solution with appropriate concentration and pH, under 500 rpm magnetic stirring. Previously, both solutions were filtered through 0.22-μm pore size filter. For better electrostatic interaction, the freshly prepared nanocomplexes were kept stirred for further 20 min. After incubation, final pH of nanosuspension was measured. Nanoparticles were obtained by centrifugation of the freshly prepared opalescent colloidal suspension at 15,000 rpm for 30 min at 4°C. Supernatant was separated and collected for further analysis, and nanoparticles were re-suspended in distilled water. Optimization of nanoparticles was performed by D-optimal response surface methodology that will be further discussed in the next section and ultimately, optimized nanoparticles were lyophilized while sucrose 5% (w/v) was used as lyoprotectant.
Characterization of Nanoparticles
Determination of Size and Zeta Potential of the Particles
Mean diameter and zeta potential of prepared particles were determined by photon correlation spectroscopy (PCS) and laser Doppler anemometry, respectively, using a Zetasizer 3000HS (Malvern Instruments, Malvern, UK). Zeta potential of synthesized derivatives in free soluble form were measured by dissolving chitosan and quaternized derivatives in aqueous media, and the pH was adjusted to a value of 4.0 using 0.5% (v/v) acetic acid. Concentration of all solutions was kept constant to be as 1 mg/ml. The results are summarized in Table I . Nanoparticles were diluted at 1:10 ratio by freshly prepared purified water that was previously passed through 0.22-μm filter. All the measurements were performed on triplicate.
Determination of EE% of the Particles
EE% was determined indirectly by subtracting the total amount of insulin used for preparation of particles and amount of non-encapsulated insulin present in the supernatant. The calculations were based on Eq. 1 and the appropriate entrapment efficiency was reported as percent. All freshly prepared nanoparticle samples were centrifuged at 15,000 rpm for 30 min at 4°C, and the supernatant was analyzed for determination of non-encapsulated insulin by HPLC (n=3). Fifty microliters of the samples was injected to Agilent ® 1260 infinity equipped with 1260 Quat pump VL, 1260 ALS auto sampler, and 1260 DAD VL detector that was set at 214 nm. MZ ® analytical Perfect Sil Target ® ODS −3 (125*4.6 mm, 5 μm) column was used for chromatography. The data were acquired using Agilent Chemsation ® software. Mobile phase was consisted of acetonitrile/0.1% trifluroacetic acid (30:70) , and the analysis was performed at ambient temperature, as previous report (30) . Before injection of the samples, all criteria for method validation include accuracy, precision, linearity, LOD, and LOQ were checked according to ICH guidelines. The method proven to be linear over the wide range of 10 ng/ml to 2 μg/ml. The calculated within-day and between-day precision and accuracy were correlated to the ICH guidelines.
Determination of the Morphology of the Particles
Lyophilized particles were re-suspended in freshly prepared distilled water and related size and shapes were investigated by transmission electron microscopy (TEM), using a CEM 902A (Zeiss, Oberkochen, Germany). In this study, TEM technique was preferred over scanning electron microscopy (SEM) because the effect of re-suspension of lyophilized nanoparticles in aqueous media on morphology of particles can be observed by TEM rather than SEM.
Samples for TEM analysis were prepared by placing drops of lyophilized and re-dispersed nanoparticles on carbon-coated TEM copper grids. The mixtures were allowed to dry for 5 min. The size of NPs was determined by direct observation.
Experimental Design Studies
Studies related to development of drug delivery systems are being performed by changing one variable at a time while other variables have constant values. This so-called changeonly-one-separate-factor-at-the-time approach requires lots of experiments and therefore, is time and cost consuming. On the other hand, since the interaction effect between independent variables (factor) will not be discussed, the real well-optimized formulation is unreachable. In order to overcome these problems, design-of-experiment approach (DoE) has been evolved and studied in pharmaceutical issues (31) . Screening and optimization by response surface methodology (RSM) are considered as the two major application of DoE in pharmaceutical sciences. Although central composite and Box-Behnken designs are the most studied techniques in RSM, computer-generated D-optimal design is also used in certain conditions. In this study, D-optimal response surface methodology was specifically selected because the effect of a three-leveled categorical variable (polymer type) should be investigated in physicochemical properties of insulin nanoparticles.
Quantitative independent variables (factors) including pH of polymer solution (X 1 ) and concentration ratio of polymer/insulin (X 2 ) were defined in appropriate ranges identified by preliminary studies. Polymer type (X 3 ) was a categorical factor that has been studied in three levels. The ranges and levels of defined factors are indicated in Table II . Dependent variables (responses) were particle size (Y 1 ), zeta potential (Y 2 ) , PdI (Y 3 ), and EE% (Y 4 ).
Design-Expert® software (V. 7.0.0, Stat-Ease, Inc., Minneapolis, USA) has been used for mathematical modeling and evaluation of the responses. Based on this software, performing a total of 20 runs was required to develop the appropriate models. Finally, the developed models were explained by second-order polynomial functions as follows:
Where:
Predicted responses for methylated (aminobenzyl), methylated (pyridinyl), and methylated (benzyl) chitosan, respectively, as types of investigated polymers β 0 Intercept β 1 and β 2 Linear coefficients β 11 and β 22 Square coefficients β 12 Interaction coefficient And X 1 and X 2 Independent quantitative variables
In vitro Insulin Release Studies
In vitro release of insulin from optimized, experimentally designed nanoparticles was determined at 37±2°C in phosphate buffer (pH=6.8) regarded as simulated intestinal fluid (SIF) under gentle stirring. Suitable amount of lyophilized powder equivalent to 200 mg of insulin that provides sink condition was placed into 80 ml of preheated phosphate buffer (pH=6.8), and the dispersion was incubated at 37±2°C under gentle magnetic stirring (100 rpm). At predetermined times, 1 ml of supernatant release medium were collected and replaced by freshly prepared buffer. The individual samples were centrifuged at 20,000 rpm for 30 min and the amount of insulin was determined by HPLC as mentioned previously. All the experiments were performed in triplicate.
RESULTS
Synthesis and Characterization of Aromatic Derivatives of Chitosan
The 1 H-NMR spectra of synthesized quaternized aromatic derivatives have been shown in Fig. 2. In Fig. 2a , sharp peaks at 2.4 and 2.7 ppm represent methyl protons of (−N (CH 3 )-) and (−N + (CH 3 ) 2 -), respectively, related to aliphatic amine of methylated (aminobenzyl) chitosan, indicating formation of quaternized derivative. Sharp peaks at 3.4 and 3.6 ppm indicate methyl protons of (−N(CH 3 ) 2 ) and (−N + (CH 3 ) 3 ), respectively, belong to aromatic amine that attached to the benzyl ring. In Fig. 2b , peaks at 2.8 and 3.2 ppm are related to protons of methyl groups of (−N H-NNMR spectra of a methylated N-(4-N,N-dimethylaminobenzyl), b methylated N-(4-pyridinyl) chitosan, and c methylated N-(benzyl) chitosan (CH 3 )-) and (−N + (CH 3 ) 2 -), respectively related to aliphatic amine of methylated (pyridinyl) chitosan. Small peak at 4.1 indicates quaternization of aromatic amino group. As observed in Fig. 2b and Table I , the low degree of quaternization on amino group of pyridinyl ring was observed. This was due to inlocalised protons of aromatic amino group in the result of conjugation with pyridinyl aromatic ring. In Fig. 2c , peaks at 2.9 and 3.2 ppm indicate protons of (−N (CH 3 )-) and (−N + (CH 3 ) 2 -), respectively related to aliphatic amine of methylated (benzyl) chitosan, No other dominant peak was observed in the related spectrum. As shown in Fig. 2 , peaks between 7 and 8 ppm are related to protons of proper aromatic ring and indicate formation of aromatic derivatives. Degrees of aromatic substitution, degree of quaternization for both alyphatic and aromatic amines, and also percentage of recovery are summarized in Table I .
Gel permeation chromatography was performed for molecular weight determination of synthesized derivatives. Methylation with NaOH caused a reduction in molecular weight, due to alkaline depolymerization of chitosan as previously reported (32) . Depolymerization was not observed to be significant in the case of triethylamine used instead of NaOH. In this case, as observed in Table I , molecular weight of derivatives showed insignificant reduction compared with chitosan. Therefore, methylation in the presence of triethylamine has been suggested. As indicated in Table I , increasing the zeta potential of free soluble polymers resulted in following order: methylated (aminobenzyl) chitosan>methylated (pyridinyl) chitosan> methylated (benzyl) chitosan>chitosan.
Preparation and Characterization of Nanoparticles
D-optimal experimental design was performed for optimization of nanoparticles. The values of independent variables and the related experimental data in 20 suggested formulations based on D-optimal design have been summarized in Table III. Final pH of freshly prepared nanosuspensions were fall in the range of 5.6 to 7.2. As quaternized chitosan derivatives used in this study, no sign of precipitation was observed at pH of 7.2 and soluble PECs were formed in this pH range.
Size of Particles
Particles with mean diameter ranging from 207±16.71 to 1,385±3.21 nm have been obtained in various D-optimal suggested runs as shown in Table III . It can be observed that all the main factors (i.e., pH of polymer solution, concentration ratio, and polymer type) have influenced the size of nanostructures. 3-D response surface plot of size variation due to changes in independent variables has been shown on Fig. 3a . As shown in Table III and shown in Fig. 3a , at constant concentration ratio, size of particles were increased by increasing the pH from 3.0 to 6.5. As shown in Fig. 3a , this phenomenon was observed in the whole studied range of concentration ratio. While pH was varied between 3.0 and 6.5 at constant concentration ratio of 0.5, size of particles were experienced to change from 207±16.71 to 864±32.38 nm (formulation no. 4 and 5), 241±15.24 to 852±27.46 nm (formulation no. 14 and 16), and 314 ± 35.94 to 671 ± 27.50 nm (formulation no. 15 and 2) for methylated(aminobenzyl), methylated (pyridinyl), and methylated (benzyl) chitosan nanoparticles, respectively (Table III) .
At constant pH, size of particles has slightly increased by increasing the concentration ratio in predetermined range indicated in Fig. 3a . As shown in the figure, when the concentration ratio was varied between 0.5 and 2.0 at constant pH value of 3.0, size of particles were varied from 207±16.71 to 382±40.67 nm (formulation no. 4 and 9) and 314±35.94 to 534±28.32 nm (formulation no. 15 and 3) for Table III . D-optimal Experimental Design Formulation no.
Independent variables (factors)
Dependent variables (responses) methylated (aminobenzyl) and methylated (benzyl) chitosan nanoparticles, respectively (Table III) . The same trend was observed for methylated (pyridinyl) chitosan nanoparticles. Previous studies have shown in insulin pH of 8.0, size of particles will be increased by increasing the polymer concentration (33) . Statistical analysis, performed by Design-Expert® based on D-optimal response surface methodology was applied to establish the best significant fitted model for prediction of size of particles (P<0.01). The characteristics of fitted model have been provided in Table IV . Regression analysis of variance for data showed that the linear coefficients of all independent factors, the squared coefficient of X 1 and interaction coefficients of X 1 •X 2 and X 2 •X 3 were significant (P<0.05). 
Y 1A, 1B, 1C Predicted responses for sizes of nanoparticles prepared from methylated (aminobenzyl), methylated (pyridinyl), and methylated (benzyl) chitosan X 1 pH value of polymer solutions X 2 Concentration ratio of polymer/insulin
Interaction coefficient of pH value and concentration ratio
Zeta Potential
Zeta potential of particles determines the stability of colloidal nanosuspensions (34) . Generally, stability of nanostructures was higher at high zeta potential values due to great electrostatic repulsion force between particles. On the other hand, surface charge can influence the cell cytotoxicity of particles. Cytotoxicity studies of nanoparticles have been shown that particles with high positive zeta potential values may significantly reduce the cell viability (35) . Therefore, zeta potential maybe considered as one of the main physicochemical properties of particles that should be studied. As shown in Table II , constrain for optimization of zeta potential has been considered as the range of 20 to 30 mV. Particles with zeta potential value higher than 30 mV may pose cytotoxic properties on epithelial cells. On the other hand, particles with zeta potential values lower than 20 mV tend to be aggregated and will not be stable. 3-D response surface plot of zeta potential of particles is shown in Fig. 3b .
As depicted in Table III , zeta potential of obtained particles varied from 14.2±1.37 to 46.8±3.19 mV. As shown in Fig. 3b , zeta potential of particles was at the maximum level when the pH of polymer solution was low (pH=3.0) and decrease with increasing pH. As will be discussed, the observed decrease in zeta potential may be due to reduction in protonation degree of free amino groups.
Concentration ratio of polymer/insulin (as one the main factors) had significant effect on surface charge. It is shown that with increasing the concentration ratio, zeta potential of particles increased due to increasing the total mass of positively charged polymer.
At constant concentration ratio and pH values, zeta potential of particles prepared from different polymer types were maximum for methylated (amino benzyl) chitosan and minimum for methylated (benzyl) chitosan, in accordance with data obtained from zeta potential determination of free polymers presented in Table I . The specification of best-fitted model has been indicated in Table IV . Regression analysis of variance for data, showed that the linear coefficients of all independent factors and interaction coefficient of (X 1 )•(X 3 ) were significant (P<0.05) and should be considered in the model. The coefficients of significant variables have shown in Eqs. 5 to 7 as follows:
Predicted responses for sizes of nanoparticles prepared from methylated (aminobenzyl), methylated (pyridinyl), and methylated (benzyl) chitosan X 1 pH value of polymer solutions X 2 Concentration ratio of polymer/insulin
Polydispersity Index
PdI, an index represents the homogeneity of nanodispersions, is ranged from 0 to 1. Homogeneity of nanosuspension becomes higher as the PdI approach to zero (36) . 3-D response surface plot of observed PdI has been shown in Fig. 3c .
It can be observed from Fig. 3c that at constant concentration ratio, PdI was increased by increasing of the pH of polymer solution. This was experienced for all three types of polymers. Increasing pH from 3.0 to 4.7 had caused slightly elevation in PdI while in pH range of 4.7 to 6.5, small changes in pH could cause a sharp increase in PdI.
In the case of methylated (pyridinyl) chitosan nanoparticles at concentration ratio of 0.5, PdI increased from 0.257±0.06 to 0.391±0.03 (formulation no. 14 and 6) in consequence to pH increasing from 3.0 to 4.7. Further increases in polymer pH resulted a sharp increase in PdI in a manner that it was reported to be 0.645±0.03 (formulation no. 16) in the upper limit of pH range (i.e., pH=6.5) at the constant concentration ratio, stated above. Same trend was observed for methylated (aminobenzyl) and methylated (benzyl) chitosan nanoparticles.
As shown in Fig. 3c , at constant pH, PdI increased linearly in the result of increasing the polymer/insulin concentration ratio. At polymer pH value of 3.0, PdI was increased from 0.131±0.04 to 0.337±0.04 (formulation no. 4 and 9) and 0.363±0.05 to 0.541± 0.07 (formulation no. 15 and 3) for methylated (aminobenzyl) and methylated (benzyl) chitosan nanoparticles respectively, in accordance with increasing the concentration ratio from 0.5 to 2.0 (Table III) . In the case of methylated (pyridinyl) chitosan, PdI was increased from 0.257±0.06 to 0.373±0.01 (formulation no. 14 and 12) when the concentration ratio of polymer/insulin increased from 0.5 to 1.25 (Table III) .
It was observed that the polymer type has significant effect on PdI of nanoparticles. At constant pH and concentration ratio, the maximum PdI was observed for methylated (benzyl) chitosan nanoparticles while the minimum belongs to methylated (aminobenzyl) chitosan (data have not been shown).
The experimental data were fitted to a significant statistical model (P < 0.01) that has been indicated in Table IV . Regression analysis of variance for data showed that linear coefficients of all independent factors and square coefficient of X 1 and X 2 were significant (P<0.05) and should be considered in the model. No interaction effect was found significant in this model (P>0.1). The coefficients of significant variables have shown in Eqs. 8 to 10 as follows: 
Entrapment Efficiency
Calculated EE% of insulin nanoparticles was varied between wide range of 18.7%± 2.28% to 85.7 ± 1.90% depending on pH of polymer solution, concentration ratio and polymer type. 3-D response surface plot of calculated EE% is shown in Fig. 3d . In contrast to ionic gelation method that hydrophobic interaction and H-bounding are considered as dominant mechanisms by which the drug is entrapped into particles (28, 37) , in PEC method, it is obvious that drug entrapment is occur due to electrostatic interactions.
A second-order significant effect of concentration ratio on EE% has been observed. As shown in Fig. 3d , at constant pH, by increasing the concentration ratio from 0.5 to 1.25, EE% was increased until the maximum has been obtained. Further increases in concentration ratio from 1.25 to 2.0, cause decrease in EE% of particles. Jinkapattankit et al. (38) have explained that increasing the concentration of polymer may cause rigidity of polymer and consequently decrease of EE%.
As presented in Table III , in the case of methylated (pyridinyl) chitosan nanoparticles, at constant concentration ratio of 0.5, the studied EE% was raised from 58.6± 2.73% to 65.8±4.37% (formulation no. 14 and 6) by increasing the pH from 3.0 to 4.7. By further increasing of pH, EE% was sharply decreased and reached to the value of 33.6±2.24% in pH value of 6.5 (formulation no. 16). The same behavior was observed for nanoparticles prepared by other polymers.
Nanoparticles prepared from methylated (pyridinyl) chitosan shown the maximum EE% while minimum entrapment has been observed for nanoparticles prepared by methylated (benzyl) chitosan (data have not been not shown).
The regression analysis of variance for data, showed that the linear coefficients of all independent factors, square coefficient of all quantitative factors and also the interaction coefficient of (X 1 )•(X 3 ) were significant (P<0.05) and should be considered in the model. 
Optimization and Model Validation
The optimization of physicochemical properties of nanoparticles was performed based on statistical analysis of experimentally obtained data. D-optimal response surface method was used for optimization. Table V indicates the optimized and predicted conditions for preparation of nanoparticles. For model validation and determination of prediction error, the nanoparticles prepared experimentally and characterized (n=5). The observed responses followed by predicated error value were indicated in Table VI . As shown in the Table, the calculated prediction errors were below 5% for all conditions. This represents the significance, adequacy, and predictability of models.
Morphology of Nanoparticles
Images obtained from TEM have been shown in Fig. 4 . As illustrated in this figure, the morphology of particles prepared from methylated (aminobenzyl), methylated (pyridinyl), and methylated (benzyl) chitosan are identical. TEM images have shown larger particle size for methylated 
In vitro Release Study
In vitro release of insulin from optimized nanoparticles in phosphate buffer at pH value of 6.8 representing SIF medium according to USP was studied and the results have been illustrated in Fig. 5 . As shown in this figure, in nanoparticles prepared from methylated (aminobenzyl), methylated (pyridinyl) and methylated (benzyl) chitosan, the mean percentage of insulin release were observed to be 36.1%, 25.3%, and 19.9%, respectively, within 30 min. This result represent low burst release in all nanoparticles, indicating suitable interaction between insulin and polymer. It has been shown previously, that nanoparticulate systems prepared by PEC method can pose relatively small burst release (39) .
According to Fig. 5 , the cumulative percentage of insulin release from nanoparticles were 47.1%, 38%, and 68.7% for methylated (aminobenzyl), methylated (pyridinyl), and methylated (benzyl) chitosan, respectively, within 300 min under studied conditions stated above.
DISCUSSION
Polymeric nanoparticles regarded as solid colloidal carriers are composed of synthetic, semi-synthetic or natural polymers incorporating the active drug and ranging from 10 to 500 nm in diameter.
Various studies have investigated the use of polymers such as poly-lactide-co-glycolide (40, 41) , chitosan (42, 43) , albumin (44) , and so on in peptide delivery.
Chitosan can enhance the cellular absorption by two mechanism: (a) mucoadhesion, that is caused by the interaction between positively charged polymer and negatively charged sialic acid groups in mucin and (b) reversible opening of tight junctions due to redistribution of F-actin caused by interaction between polymer which pose positively and negatively charged sites on cell surfaces. (45, 46) .
In recent years, ionic gelation and PEC method have been widely investigated as suitable techniques for preparation of nanoparticles from sensitive molecules like peptide and proteins. These methods eliminate the requirement for sonication and organic solvent during fabrication, therefore, minimize possible damage to peptide. Sadeghi et al. (29) have shown that PEC method can produce insulin nanoparticles with higher loading efficiency and also higher zeta potential compared with ionic gelation method. On the other hand, Jintapattanakit et al. (38) have produced smaller particles with lower PdI by PEC method compared with ionic gelation. They have shown that self assembled insulin nanoparticles produced by PEC, pose higher stability in SIF and also more protected from enzymatic degradation in the presence of serine protease and trypsin in comparison with TPP/insulin nanoparticles produced via ionic gelation (38) . It is obvious that quaternized derivatives pose higher zeta potential than chitosan. Among studied quaternized derivatives, methylated (benzyl) chitosan has shown the lowest zeta potential due to lack of aromatic amino functional group. Since its aromatic amino group involved in conjugation with the aromatic ring, methylated (pyridinyl) chitosan pose lower zeta potential compare with methylated (aminobenzyl) chitosan. This observation is well correlated to literature. Mao et al. (33) have reported formation of large particles at higher pH for chitosan nanoparticles manufactured by PEC. Nasti et al. (47) also have obtained larger size of insulin nanoparticles prepared by ionic gelation method in high pH values. It is assumed that increase in electrostatic interaction between polymer and insulin in low pHs results in formation of compacted nanoparticles. At lower limit of polymer pH range (i.e., pH=3.0), zeta potential of particles become high due to protonation of free, non-quaternized amines (either aliphatic or aromatic) that exist in the backbone structure of the polymers. The high electrostatic repulsion force between particles due to high positive surface charge makes particles to be more compacted. Therefore, as observed and previously mentioned, particles become smaller in lower pH values compared with higher pH values. The great zeta potential of particles in low pH values makes particles to be stable and non-aggregated and provides greater electrostatic interaction between polymer and drug. At upper limit of range for polymer pH (i.e., pH=6.5), degree of protonation of free amino functional groups will be significantly reduced, causes low zeta potential of particles and consequently, increase the tendency of aggregation and producing larger particles. Therefore, size of particles increased in higher pH values.
As shown in chemical structure of derivatives in Fig. 1 , monomers of both methylated N-(4-N,N-dimethylaminobenzyl) chitosan and methylated N-(4-pyridin) chitosan have one extra aromatic amino functional group which are partially quaternized compare with methylated N-(benzyl) chitosan that has no aromatic amine. It is assumed that zeta potential of nanoparticles prepared by methylated (aminobenzyl) and methylated (pyridinyl) derivatives are more pH dependent than methylated (benzyl) chitosan due presence of one extra amino functional group in the structure of former polymers.
Entrapment efficiency was low in polymer pH of 3.0 that relates to the final pH value of 5.3 in the system after complexation and preparation of particles due to decreased negative charge density of insulin. The electrostatic interaction between chitosan derivatives and insulin is shown to be increased by increasing the pH until the polymer pH reaches to the proper value of 4.7. At this pH, the positive charge density of the polymer structure is at favorable level to interact with negatively charged drug. Consequently, entrapment efficiency will be high in pH value of 4.7. In this polymer pH value, the final pH of the system was observed to be near isoelectric pH of insulin (i.e., pH=6.1). It was reported that polymers can entrap proteins at pH around isoelectric point (48) . By further increase in pH, the surface charge of the polymers decreased sharply and interaction between polymer and insulin will be interrupted due to lack of proper positive charge on the polymer surface. This can explain the sharp decrease in EE% in consequence of increasing the pH from 4.7 to 6.5.
The fast in vitro release of insulin from methylated (benzyl) chitosan nanoparticles can be justified by considering the fact that this polymer poses the lowest zeta potential among the other polymers used for preparation of nanoparticles and negatively charged insulin cannot efficiently interact with the polymer. As methylated (aminobenzyl) chitosan is expected to be higher soluble in aqueous media compared with methylated (pyridinyl) chitosan due to lack of inlocalized amino group which is present in methylated (pyridinyl) chitosan, higher release rate can be expected from methylated(aminobenzyl) chitosan nanoparticles compare with methylated (pyridinyl) chitosan.
CONCLUSIONS
In this study, three quaternized aromatic derivatives of chitosan including methylated N-(4-N,N-dimethylaminobenzyl) chitosan, methylated N-(4-pyridinyl) chitosan, and methylated N-(benzyl) chitosan have been synthesized used for preparation of insulin nanoparticles by PEC method. Prepared nanoparticles were optimized using D-optimal response surface experimental design methodology. The effect of formulation variables including pH of polymer solution, concentration ratio of polymer to insulin, and polymer type on nanoparticles' characteristics including size, zeta, PdI, and entrapment efficiency was also studied. Optimized nanoparticles were characterized as small in size, low in PdI, suitable positive zeta potential that may promote epithelial permeability of particles and also high entrapment efficiency. Morphological study of particles revealed formation of nonaggregated, uniformly sized, to oval shape particles with smooth surfaces. Insulin in vitro release study was performed on nanoparticles, and the results have shown little burst release demonstrating well-established interaction between polymer and insulin.
